We propose a theoretical design for a compact photonic crystal (PC) polarization beam splitter (PBS) based on the multimode interference (MMI) effect. The size of a conventional MMI device designed by the self-imaging principle is not compact enough; therefore, we design a compact PC PBS based on the difference of the interference effect between TE and TM modes. Within the MMI coupler, the dependence of interference of modes on propagation distance is weak for a TE wave and strong for a TM wave; as a result, the length of the MMI section can be only seven lattice constants. Simulation results show that the insertion losses are 0.32 and 0:89 dB, and the extinction ratios are 14.4 and 17:5 dB for Port 1 (TE mode) and Port 2 (TM mode), respectively.
Introduction
Optoelectronic devices with photonic crystals (PCs) have attracted extensive interest in recent years. PCs are artificial materials with periodically modulated refractive indices that exhibit photonic bandgaps (PBGs) [1, 2] . The propagation of light with frequency within PBGs is forbidden. While introducing line defects into PC structures, PC waveguides are formed and provide a powerful way to manipulate the flow of electromagnetic waves. PC devices based on the multimode interference (MMI) effect can be much smaller than conventional MMI devices due to the large dispersion in PC structures [3] . MMI phenomena exist in multimode devices. A field profile can be reproduced in single or multiple images at regular intervals along the path of propagation based on the self-imaging principle [4] . The MMI effect can be ing coupler was proposed as a polarization splitter [17] . The microwave-scale PBS has been experimentally demonstrated on 2D PCs [18] . A compact PBS based on a PC directional coupler with a triangular lattice of airholes has been designed and simulated [19] . Its polarization separation functionality is enabled by two different guiding mechanisms: the PBG effect for transverse-electric (TE) light and an indexlike effect for transverse-magnetic (TM) light, which makes the two channels of the directional coupler decoupled for TE and tightly coupled for TM light. A PBS and a nonpolarizing beam splitter (NPBS) based on a PC directional coupler that consists of a honeycomb lattice of dielectric pillars in air has been presented [20] . A resonant-coupling-type PBS based on a PC structure with absolute PBG was proposed [21] . Theoretical and experimental results of PC PBSs that exhibit a large reflection coefficient for TE and a high transmission coefficient for TM polarization have been presented [22, 23] . Besides prism, grating, directional coupler, and cavity, a PBS can also be realized by the negative refractive property of PC structures. A PBS where TM polarization is refracted in the positive direction while the TE component is negatively refracted has been proposed [24] .
The length of a conventional PBS designed by the MMI effect could be too long, because conventional MMI waveguides are insensitive to polarizations of waves. Maybe that is why, to our knowledge, no one has yet designed a PC PBS using the MMI effect. Dispersions of two polarization states in a PC structure are different; therefore, a PC PBS based on the MMI effect should be much smaller than a conventional one. In this study, we will present that the device size of a PC PBS designed by the self-imaging principle is not compact enough. Thus, a PC PBS based on the difference of the interference effect between the TE and TM modes is proposed. Because the band diagram of a dielectric-rod PC structure is simple, to clarify the design concept, we will investigate the MMI phenomenon on a dielectric-rod PC structure. First, the parameters of guided modes are extracted from the band diagrams calculated by the plane wave expansion (PWE) method. Modal propagation analysis (MPA), as used in conventional multimode devices, is used to predict the image positions [25] . Then the steady-state field distribution is simulated by the 2D finite-different time-domain (FDTD) method to have the actual image positions. Through these theoretical procedures, an ultracompact PC PBS based on the MMI effect can be designed. The length of the MMI region can be only seven lattice constants.
In the following sections, the self-imaging phenomena in PC multimode waveguides will be investigated. The performance of a PBS with a dielectric-rod PC structure designed by the self-imaging principle will be discussed. Next, a compact PC PBS based on the difference of the interference effect between TE and TM modes will be proposed. Finally, the performance of this compact device will be evaluated. The operation of conventional MMI devices is based on the self-imaging principle. In conventional optical waveguides, approaches that make use of ray optics [26] , the beam propagation method, or the hybrid method [27, 28] are used to predict the image positions within multimode devices. Because the light confinement in a PC waveguide is due to the PBG, not the total internal reflection, self-imaging phenomena in PC waveguides are not the same as those in conventional waveguides. Therefore, the approximated equations and the rules for designing conventional MMI devices cannot be directly applied to those cases in PC waveguides. The mode propagation analysis (MPA) method is the most useful tool for describing the self-imaging phenomena in multimode waveguides [25] . Here we use the MPA method to analyze the imaging lengths in PCs.
Assuming that the input wave is continuous and its spatial spectrum of field is narrow enough not to excite unguided modes, the total input field Ψðy; 0Þ at z ¼ 0 in a multimode region can be decomposed into the guided modes and expressed as
where φ n ðyÞ is the modal field distribution, c n is the field excitation coefficient, p is the number of modes, and the subscript n denotes the order of modes ðn ¼ 0; 1; 2; …; p − 1Þ. The field excitation coefficient c n can be estimated using overlap integrals based on the field-orthogonality relation as
Assuming the time dependence implicit hereafter and taking the phase of the fundamental mode as a common factor, the field profile at a distance z can then be written as a superposition of all the guided mode field distributions:
The profile of Ψðy; zÞ and the types of images formed are determined by the modal excitation coefficient c n and by the properties of the mode phase factor exp½jðβ 0 − β n Þz, where β 0 and β n are the propagation constants of the fundamental mode and the nth mode. Then, the length of direct images, L d , satisfies
and we obtain
This condition means that the phase changes of all modes after propagating L d must differ by integer multiples of 2π, and all guided modes interfere with the same relative phases as those at z ¼ 0. Thus, the image at a distance L d is a direct replica of the input field.
On the other hand, the length of mirror images, L m , satisfies ðβ 0 − β n ÞL m ¼ 2q n π for even modes; and ðβ 0 − β n ÞL m ¼ ð2q n − 1Þπ for odd modes; with
This condition means that the even modes are in phase and the odd modes are out of phase after propagating the length of mirror images. In the case of structural symmetry with respect to the plane y ¼ 0,
Thus, the image at a distance L m is a mirrored replica of the input field. An MMI coupler can separate two waves if one wave is a direct image at one output of the coupler and another wave is a mirrored image at another output. This design concept is widely used in conventional beam splitters based on MMI. In the following, a PC PBS that is based on the self-imaging principle and can separate TE and TM waves will be designed [29] . In this study, the TE polarization indicates that the electric field is perpendicular to the normal of the lattice plane, which follows the convention used in a photonic crystal.
To design a PBS, the first requirement is that both TE and TM light can propagate with low loss in a PC waveguide. There is no TE gap while the refractive index n < 3:5 for a square lattice of dielectric rods in air. Therefore, to have a PC structure with a joint bandgap, the PC structure we studied is a square lattice of dielectric rods with refractive index 4.1. Germanium with a refractive index of 4.1 is a promising material that is widely used in advanced semiconductor processes. That results in the largest joint bandgap at r ¼ 0:38a, where r is the radius of the dielectric rods and a is the lattice constant of the PC. The frequency range of the complete bandgap is from 0.455 to 0.475 ða=λÞ, where λ is the wavelength in free space. However, the lower edge of the bandgap at X point is extended to 0.44 ða=λÞ.
The schematic structure of the PC PBS to be designed is shown in Fig. 1 . It is basically a 1 × 2 MMI coupler and has one input access port and two output access ports, Port 1 and Port 2. A single-line-defect PC waveguide that is formed by removing one row of dielectric rods along the Γ-X direction in the square lattice acts as the access waveguide and is denoted by W1. Wn stands for a PC waveguide with n rows of dielectric rods removed. The high transmission frequency of this W1 PC waveguide is around 0.444 ða=λÞ for TE and TM waves, so 0.444 ða=λÞ is chosen as the operating frequency.
The W5 PC waveguide acts as the multimode interference region and its length is to be designed. The imaging property of a waveguide is linked to the characteristic of its spectrum of propagation constants. The TE projected band diagram of the W5 PC waveguide simulated by the PWE method is shown in Fig. 2(a) . It can be seen that this multimode PC waveguide supports four modes for a TE wave at an operating frequency of 0.444 ða=λÞ. These modes in the wide defect region lead to the operation of Fig. 1 . Schematic structure of a PC PBS based on the MMI effect. The 1 × 2 MMI coupler has one input and two output access ports. W1 PC waveguides act as the access waveguides. A W5 PC waveguide acts as the multimode interference region and its section length is to be designed. MMI. The parameters about these modes, including propagation constants and the symmetry property of modal field patterns, are listed in Table 1 . The coupling length between the fundamental mode and the nth mode is defined as L C ¼ π=ðβ 0 − β n Þ. It can be calculated that the coupling length between the fundamental mode and the first mode is 44a and selfimaging exists if all coupling lengths are very nearly the integer multiples of this fundamental difference, as described by Eqs. (4)-(7) . The lengths of direct images L d and mirror images L m can be calculated from these parameters by Eqs. (4) and (6), respectively. Consequently, the first mirror image and the direct image are estimated at 44a and 88a in this multimode region.
The TM projected band diagram of this W5 PC waveguide calculated by the PWE method is illustrated in Fig. 2(b) . From these dispersion curves, it can be seen that this PC multimode waveguide supports four defect modes for a TM wave at an operating frequency of 0.444 ða=λÞ. The parameters about these modes are listed in Table 2 . It is estimated that there is a mirror image at 88a in the multimode region for a TM wave. If the length of the W5 PC waveguide is designed as 88a, the TE wave will be a direct image at Port 1 and the TM wave will be a mirror image at Port 2. Consequently, we can use the difference of imaging lengths between two polarizations to design a PBS that can separate TE and TM waves.
The steady-state electric field distributions of this PC PBS simulated by the 2D FDTD method for TE and TM waves are shown in Figs. 3(a) and 3(b) , respectively. The TE wave will be routed to the lower output port (Port 2) and the TM wave to the upper output port (Port 1). The transmissions, bending losses, and extinction ratios for the two output ports are listed in Table 3 . Simulation results show that the extinction ratios are 12:8 dB for Port 1 and 9:2 dB for Port 2. The extinction ratio for one output port is defined as the power of the desired field to that of the undesired field and is expressed as 10 logðP TEðTMÞ =P TMðTEÞ Þ. The insertion losses are 0:79 dB for Port 1 and 0:30 dB for Port 2. The insertion loss is the attenuation expressed in decibels for a particular path through the component and is defined as 10 logðP port1ð2Þ =P input Þ. To avoid the coupling between these two output waveguides, a 90°bend is added to the upper output waveguide and the insertion loss of Port 2 includes the bending loss 0:27 dB. Compared to other PC PBSs, the size of this PC PBS designed by the self-imaging principle is not compact enough and we will design a more compact one with a different design consideration.
Design of a Compact PC PBS by Difference of Interference between Two Polarizations
The imaging distance for TE polarization is found to be longer than that for TM polarization in conventional MMI devices. This phenomenon may be interpreted as a manifestation of the Goos-Hähnchen effect [25] . In a PC structure, it is also found that the imaging lengths for a TE wave and for a TM wave are different. This phenomenon can be interpreted by anisotropy of a photonic band structure [15] . It can be seen that there are many high-intensity points, except in the self-images in Fig. 3(b) . In the following, a compact PC PBS will be designed using the highintensity point instead of the self-imaging principle.
To verify the interference difference between two polarizations, we observe the steady-state field distribution in an open-ended W5 PC waveguide, as shown in Fig. 4 , by using the 2D FDTD method. Mode Parity β n ð2π=aÞ Mode Parity β n ð2π=aÞ Channel 2 and Channel 1 happen at 44a and 88a, respectively. That is consistent to the imaging lengths calculated from Table 2 .
On the other hand, transmissions of a TM wave measured by Monitor A (solid curve) and Monitor B (dashed curve) under different positions within the W5 PC waveguide are shown in Fig. 6 . Compared with the case of a TE wave, the field distribution due to the interference effect for a TM wave is strongly dependent on the propagation distance in this PC structure. It can be seen that peak values happen alternatively along Channel 1 and Channel 2 with a period of about 9:8a, and the first peak of the transmission along Channel 2 appears at 6a.
Next we will use the PWE method to reveal why there is a transmission peak at 6a along Channel 2 for a TM wave. The normalized field profiles of the W1 and W5 PC waveguides for the TM mode are shown in Figs. 7(a) and 7(b) , respectively. These field profiles are taken from the central plane (x-y plane at z ¼ 0) of the supercell calculated by the PWE method. Though the field profiles are not uniform along the z axis within a supercell, they can be approximately represented by the field profile taken from the central plane due to the strong confinement of light within a PBG. The normalized field excitation coefficients calculated from these field profiles by Eq. (2) According to Eq. (1), the field profile at a distance of z within the W5 PC waveguide can be written as
The power profile of these modes within the W5 PC waveguide calculated by Eq. (8) is shown in Fig. 8(a) . The intensity distributions counterchange between Channel 1 and Channel 2, and strongly depend on the propagation distance. High intensity happens when these fields are constructive; therefore, the first peak of transmission along Channel 2 for a TM wave appears at z ¼ 6a. The real part (dashed curve) and imaginary part (dotted curve) of the field superposition of all modes along z axis at y ¼ 2a are shown in Fig. 8(b) . These fields form a beat wave with a period of 9:8a (solid curve), and the first peak happens at z ¼ 6a. That is consistent to the dashed curve in Fig. 6 . Image quality is an important factor while designing by the self-imaging principle. To reveal the image quality, the power profile of all modes at z ¼ 6a is shown in Fig. 8(c) . Although the profile of a TM wave at z ¼ 6a is not a true mirror image of the input wave, the power within Channel 2 of the W5 PC waveguide is about 84% for this open-ended structure. It has been shown that the interference effect within the MMI coupler for a TM wave is more sensitive to the propagation distance than that for a TE wave. We can use this different behavior between TE and TM polarizations to design a compact PBS that can separate these two waves. The transmissions of a TE wave measured by Monitor A (solid curve) along Channel 1 in Fig. 5 and a TM wave measured by Monitor B (dashed curve) along Channel 2 in Fig. 6 are redrawn in Fig. 9 . It can be seen that both transmissions along Channel 1 for a TE wave and Channel 2 for a TM wave are high at 6a. Therefore, the ultracompact PC PBS we designed is shown in Fig. 10 . The length of the MMI section is only seven lattice constants. To avoid the coupling between two output waveguides, a 90°bend is added to the lower output waveguide. The TM wave will be routed to the lower output port (Port 2) after a propagation distance of the first peak along Channel 2. On the other hand, the TE wave will travel directly to the upper output port (Port 1) because its interference effect is weakly dependent on the propagation distance. The MMI coupler can separate two waves because it is a bar coupler for one wave and a cross coupler for another wave.
The steady-state electric field distributions of this PC PBS for TE and TM waves are shown in Figs. 11(a) and 11(b), respectively. It can be seen that the separation function of polarization beams works well. Transmissions, bending losses, and extinction ratios of this compact PC PBS are listed in Table 4 . Simulation results show that the insertion losses are 0.32 and 0:89 dB, and the extinction ratios are 14.4 and 17:5 dB for Port 1 (TE mode) and Port 2 (TM mode), respectively. The insertion loss of Port 2 includes the bending loss 0:7 dB. Note that the transmission at 6a is about 84% for an open-ended W5 PC waveguide, as shown in Fig. 9 , and improved to above 93% for this PC PBS due to the existence of output waveguides. Seven lattice constants is the optimal length of the MMI section in this study. The PC PBS based on a directional coupler has been reported with a length of 24:2 μm [19] . Insertion losses and extinction ratios are found to be around 0:8 dB and 18-20 dB in other studies [17] . Therefore, this proposed MMI-based PC PBS has a compact size and high extinction ratio.
Conclusion
The design method of a compact PC PBS based on the difference of the interference effect between TE and TM polarizations is presented. The MMI region is a bar coupler for a TE wave and is a cross coupler for a TM wave, and its length is only 7a. To our knowledge, this is the first study shows that a PC PBS can be designed by the MMI effect. Simulation results show that the insertion losses are 0.32 and 0:89 dB, and the extinction ratios are 14.4 and 17:5 dB for output Port 1 (TE mode) and output Port 2 (TM mode), respectively. Compared with conventional counterparts of millimeter scale and other PC devices designed by the self-imaging principle, this MMI-based PC PBS has advantages of compactness and low loss. 
